Experimental methods for studying an enhancement of osteoblast proliferation in vitro provide tools for the research of biochemical processes involved in bone turnover in vivo. Some of the current methods used for this purpose are based on the ability of the osteoblasts to enhance proliferation by mechanical stimulation. We describe an experimental approach of biomechanical stimulation of cultured human osteoblast-like cells by vibration. This method is based on the specially designed controlled vibration setup that consists of an electric actuator, with horizontally mounted well plate containing cell cultures. Previously this method found to be effective to enhance cell proliferation, but the exact mechanical parameters of effective vibration were elusive.
Abstract
Experimental methods for studying an enhancement of osteoblast proliferation in vitro provide tools for the research of biochemical processes involved in bone turnover in vivo. Some of the current methods used for this purpose are based on the ability of the osteoblasts to enhance proliferation by mechanical stimulation. We describe an experimental approach of biomechanical stimulation of cultured human osteoblast-like cells by vibration. This method is based on the specially designed controlled vibration setup that consists of an electric actuator, with horizontally mounted well plate containing cell cultures. Previously this method found to be effective to enhance cell proliferation, but the exact mechanical parameters of effective vibration were elusive.
The current low friction system for mechanical stimulation of osteoblast-like cells in vitro provides recording of narrow range mechanical parameters in the infrasonic spectrum.
We exposed human osteoblast-like cells in explant monolayer culture to mechanical vibration in the 10-70Hz range of frequencies and found that 50-70 Hz of vibration frequency is optimal for inducing osteoblast proliferation that was deduced from interrelation between unchanged cell number in culture samples with significant decrease in cell death rate (decreased LDH activity in culture media, p<.05) and with parallel decrease of their maturation level (p<.01).
In this report we determined the optimal mechanical parameters and excitation protocol for induction of osteoblast proliferation in vitro by using a tunable and versatile mechanical platform, which can be used in the research of cell mechanotransduction .
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Background
Mechanical loading increases bone mass by activating osteoblast metabolic activity and proliferation via cellular biomechanical pathways. These pathways are studied in vitro in models of cellular mechanical stimulation. The widely used experimental methods for this purpose utilize stretching of cells adherent to elastic membranes or implementation of controlled external fluid flow to cell cultures [1, 2] . In both, the mechanism of cellular activation is due to shearing forces and subsequential cellular deformation, which causes cytoskeletal activation, mainly involving the microtubular and microfilament components [3, 4] . These experimental methods require sophisticated hardware with essential special handling and complex experimental protocols, but usually unable to produce uniform stretching forces on all the cells in culture, and commonly restricted to the mechanical loading frequencies up to 5Hz [5] .
Previously a more versatile experimental approach has been proposed which is highly reproducible and with much wider range of mechanical frequencies that can be applied on the cultured osteoblasts in monolayer. This method is based on application of controlled vibration force in a defined range of mechanical parameters [6] .
In this model, the cellular deformation is caused by shearing forces, applied by extraan intracellular fluid flow, which is induced by the one-dimensional accelerated vibration movement of cells, adherent to a plastic surface. Since the cells in this model are in the same environmental condition, they exposed to the same magnitude of force during the vibration force application on a culture well-plate. Therefore, large numbers of cells can be studied in the same mechanical conditions, which are determined by the dimensions of the well plate and its weight, its surface biophysical properties, volume of the culture media in the wells and by a profile of the force generated by a vibration actuator. Additionally, this experimental setup can be used for application of vibration in higher frequencies, i.e. in the infrasonic range (10-70 Hz).
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There are several previous reports that human osteoblast in vitro can be stimulated in the infrasonic range of vibration frequencies [3, 6, 7] , probably by mimicking the natural influence of resting muscle on an attached bone, as it is seen on the vibromyogram [8] following muscle's spontaneous periodic contraction in this range of frequencies. These reports are also supported by the in vivo studies that showed an enhancing effect of vibration in this range of frequencies on the bone mass buildup [9] .
It has been shown that different sub ranges of effective vibration parameters for osteoblast proliferation and metabolic activity stimulation exist and not overlapping [6] .
The main difficulty that evolved in that model was to keep a constant pattern of vibration parameters and to record these values directly from the moving supporting well plate, due to mechanical instability of the electromagnetic actuator and the difficulty of the fine-tuning of the mechanical parameters in this range of frequencies.
The source of the variability of vibration signal was the surface friction of the moving parts, i.e. in that model it was impossible to effectively eliminate or reduce the additional vibration frequencies, in higher or lower range, which were produced by the vibration actuator and by the well plate movement. Because the optimal range of vibration frequencies for osteoblast activation is narrow, the delivery of precise and stable external vibration signal is crucial. Additionally, to claim that infrasonic range of frequencies has an enhancing effect on cultured osteoblast, a "pure" sinusoidal vibration force pattern, or very close to it, should be applied. Currently, a report of such experimental setup does not exist. Therefore, to determine the role of mechanical excitation of osteoblast in the infrasonic range of frequencies we developed an experimental model for human osteoblast stimulation by external vibration using a low friction system for delivery of vibration force to the culture well plate. This system provides a closer to the "pure" sinusoidal vibration force that can be effectively controlled and measured.
We hypothesize that by using the designed precise method of vibration force application we could provide a reliable evidence that human osteoblast is stimulated in the infrasonic range of mechanical vibration and provide a more precise data on these effective mechanical parameters.
Methods
Cell culture protocol:
The experiments were performed on cultured osteoblast-like cells originated from The cells were passage into 24 well plates. Each well will be seeded with 2X10 4 cells.
Mechanical system configuration
Plastic 24 well-plate with the cultured osteoblast-like cells (weight 120 grams including the culture media), was mounted on a stage that moves on a low friction support ( Figure   1 ). The mechanical force was applied to the well plate by an electromagnetic actuator which is horizontally connected to the moving stage. A piezoelectric accelerometer (accelerometer sensitivity = 100mV/g,) is attached to the well plate in the horizontal direction of movement. The relation between the output voltage from a piezoelectric accelerometer and the acceleration is linear throughout frequencies of vibration of 10-60Hz and at the displacement amplitude of up to 30m.
This system produces a vibration movement, which is close to sinusoidal, with displacement amplitudes in the range of 20 to 30 m and a near sinusoidal vibration frequency of 10 and 60 Hz (Figure 2 ). By the readings from the piezoelectric accelerometer we could define the dominant frequencies and recognize existence of additional harmonic frequencies (Figure 2 ). Through a double integration, the displacement of the well plate movement can be measured.
The spectra of the vibration frequencies applied to the cells show that when the system is tuned to excitation of 20 Hz vibration, 70% of the frequencies (up to 70 Hz frequency) are in the range of 10-30 Hz, and when the system is tuned to excitation of 60 Hz vibration, 98% of the frequencies ( up to 70 Hz frequency) are in the range of 50-70 Hz. Therefore, by the main excitation from the actuator a specific narrow range band of frequencies that are applied directly to the cultured cells was generated.
Mechanical stimulation protocol of the cultured osteoblast-like cells
Following first passage of cells, replicates of equal number of cultured cells were submitted to vibration conditions of 20Hz range or 60 Hz range. Duration and timing of exposure of cultured replicates to vibration were according to previously found optimal protocols [3, 6] , i.e. four repetitions of two minutes exposure at 24 hours intervals. The culture samples which kept in static conditions, without exposure to vibration protocols, were used as controls. Twelve cell culture samples for each experimental condition were studied.
Number of cells in each culture sample was estimated by direct counting in low power
microscopic field (by using ImageJ computerized picture processing). Mean value of cell number from three different microscopic fields in each culture sample, after exposure to mechanical stimulation and in control samples that were kept at static condition, was recorded. We preferred this method of cell number evaluation because it avoids interfering with the culture conditions.
Cell death and proliferation estimation
LDH activity in the culture media, a marker of cell death due to LDH leakage via damaged cell membranes, was measured in the samples exposed to mechanical vibration and in the static controls. Briefly, LDH activity in culture media samples was determined by 340 nm wavelength spectrophotometry of the reduced nicotineamide adenine dinucleotide (NAD), which is directly proportional to LDH activity [13, 14] . Accordingly, the cell proliferation comparison among the studied samples in different conditions, i.e. exposed to 60Hz, 20Hz of vibration protocols and static controls, was based on a result of the deduction of cell death change from the total cell number in the culture samples.
Cellular maturation estimation
Cellular alkaline phosphatase activity, which is a marker of osteoblast maturation and inversely related to osteoblast proliferation.
The cellular alkaline phosphates activity was measured by spectrophotometry [15] .
Briefly, following microscopic cell counting of each culture sample, the medium was removed and cells, adherent to the plastic surface, were washed by PBS and lysed in 0.1% Triton X-100 by 3 cycles of freezing at -20 o C and thawing at 20 o C. Alkaline phosphatase activity was determined in the lysed cell culture samples, after incubation with P-nitrophenyl phosphate substrate, by 410 nm wavelength spectrophotometry
Data analysis
The comparison of two parameters was done by the t test and the comparison of three parameters by ANOVA, and subsequentially by the Dunnett's post hoc test (following verification of normal distribution of results and with p value below 0.05). P value of less than 0.05 was considered as an evidence of significant difference between the compared variables.
Results
Following the 60Hz vibration protocol the number of cells significantly increased in comparison to cells kept in control static condition (average 68 ± 4 SEM cells/microscopic field vs. average 55 ± 4 SEM cells/microscopic field respectively, n=12, one-way ANOVA p<0.05, Fig. 3 ). No significant change in number of cells exposed to 20Hz protocol in comparison to static controls was observed (average 64 ± 3 SEM cells/microscopic field vs. average 55 ± 4 SEM cells/microscopic field respectively, n=12, one way ANOVA p>0.05, Fig.3 ), There was no difference in the media LDH activity between the static controls and cultures exposed to either 20Hz or 60Hz vibration protocols (average 193 ± 12 SEM U/L vs. average 163 ± 9 SEM U/L and average 167 ± 8 SEM U/L respectively, n=12, one-way ANOVA, p>0.05).
We found a significant decrease in cellular alkaline phosphatase activity following 60Hz vibration protocol in comparison to static controls (average 0.559 ± 0.041 SOM U/L/cell in microscopic field vs. average 0.794 ± 0. 0571 SEM U/L/ cell in microscopic field respectively, n=12, t test, p<0.01, Fig. 4 ).
Discussion
In this study, we determined the precise range of frequencies, in the infrasonic spectrum of 50-70 Hz (when excitation by 60Hz provided by the actuator) that is specifically effective in enhancing human osteoblast proliferation in vitro. This conclusion is following the deduction of cell death rate from cell numbers per sample in different mechanical protocols that we studied, i.e. when 60 Hz excitation of cells didn't cause a significant change in cell number in comparison to controls, but did cause a significant decrease in cell death (lower LDH activity in culture media) the conclusion is that this type of mechanical stimulation did cause an enhancement in cell proliferation. This phenomenon wasn't apparent following 20Hz excitation. Furthermore, this conclusion is independently supported by the evidence of the lower maturation state of the cells exposed to the 50-70Hz mechanical vibration protocol. We preferred this double approach of independent assays to increase the confidence in the results. Indeed, the results show that following exposure to the upper spectrum of the infrasonic vibration (around 60 Hz) the cells react by increased proliferation and stay in lower differentiation state, as expected. This effect doesn't happen in the lower range of the infrasonic spectrum (cellular excitation by 20Hz that provide 10-30 Hz of vibration spectrum), i.e. by this excitation protocol neither the cell number nor LDH activity in culture media were significantly different from the cells kept in control static environment , This fact supports our basic hypothesis that in the infrasonic range of mechanical cellular excitation, only a specific band of frequencies of vibration elicits a proliferation response.
This observation is different from the previous report on a more pronounced proliferation response by 20Hz excitation [6] . We attribute this controversy to a less precise experimental setup in the previous report, when the actual mechanical parameters of the moving surface were unavailable, therefore the actual excitation spectrum is unknown and might had contained additional mechanical frequencies that were generated by the actuator. One of the main purposes of the present study was to find the narrow range of mechanical frequency, which causes the highest rate of cell proliferation.
Therefore, according to the study hypothesis, we describe a tunable mechanical platform for the research of mechanotransduction in osteoblasts with determination of the optimal mechanical frequencies for induction of cell proliferation. Naturally, other cellular functions, related to mechanical stimulation, can be studied by the utilizing this versatile method.
We didn't attempt to determine the specific mechanotransduction biomechanical pathways that are evoked by this mechanical excitation method, but rather provided the basic optimal biomechanical data for the further mechanotransduction research by using the presented experimental setup that generates a uniform force transfer to a large number of cells in culture. 
